Abstract-Stereoselective synthesis of fluoroalkenes is described. (Z)-2-Fluoro-1-alkenyl(phenyl)iodonium tetrafluoroborates (1) were synthesized stereoselectively in good yields by Michael-type addition of HF to 1-alkynyl(phenyl)iodonium tetrafluoroborates (2) with a commercially available HF-reagent, hydrofluoric acid or Et 3 N-3HF. Pd-catalyzed cross-coupling reactions using 1 gave (Z)-2-fluoro-1-alkene derivatives in moderate yields. The treatment of 1 with KI in the presence of a catalytic amount of CuI gave (Z)-2-fluoro-1-iodo-1-alkenes (3). Pd-catalysed cross-coupling reactions of 3 gave better results than that of 1, and a variety of (Z)-2-fluoro-1-alkene derivatives were synthesized in good yields.
Introduction
Fluorinated analogues of natural compounds have attracted the interest of biological and medicinal chemists, because the introduction of a fluorine atom into a natural product can dramatically enhance the biological activity.
1 However, organofluorine compounds are scares in nature, therefore they have to be synthesized by fluorination of organic compounds or by using building-block methodology with readily available fluorine containing substrates.
2 When a fluorine atom is introduced into a carbon-carbon double bond of a biologically active compound, the regio-and stereoselective introduction of the fluorine atom is important because the bioactivity is strongly dependent on the position and stereochemistry of the fluorine atom. 3 The most popular approach to the stereoselective preparation of fluoroalkenes 4 is the Horner-Wadsworth-Emmons reaction using fluoroorganophosphonates with carbonyl compounds; however, a mixture of stereoisomers is generally formed. 5 On the other hand, Pd-catalyzed crosscoupling reaction using alkenyl halides or metals is often employed as a powerful tool to obtain further complex alkenes stereoselectively. Therefore, a cross-coupling reaction using fluoroalkenyl halides or metals would be a versatile method for the stereoselective synthesis of fluoroalkenes. However, the cross-coupling method has been adequately developed because the stereoselective synthesis of fluoroalkenyl halides or metals is difficult. Recently, we reported the stereoselective syntheses of various (E)-2-fluoro-1-alkene derivatives by Pd-catalyzed cross-coupling reactions using (E)-2-fluoro-1-alkenyl(ptolyl)iodonium salts, which were prepared from terminal alkynes and p-iodotoluene difluoride. 6 Hence, we turned our attention into the stereoselective synthesis of (Z)-2-fluoro-1-alkene derivatives. Ochiai reported that (Z)-2-fluoro-1-alkenyl(phenyl)iodonium salts (1) 7 were stereoselectively prepared by Michael-type addition of a fluoride anion to the corresponding 1-alkynyl(phenyl)iodonium salts (2) 8 with CsF; however, the yields were only 15 -20% due to the low nucleophilicity of the fluoride anion. Although the simplest reagent for an HF addition is hydrogen fluoride, it requires special equipment, technique and know-how to use for organic synthesis due to the high toxicity and explosive reactivity to organic compounds. In ordinary laboratories, amine-nHF 9 and hydrofluoric acid are commonly used as convenient HFreagents instead of hydrogen fluoride. We found the HF addition of 2 with these HF-reagents smoothly proceeded to afford 1 effectively. 10 In this report, we would like to present the details of the stereoselective synthesis of 1 and their utilization to the synthesis of (Z)-2-fluoro-1-alkene derivatives by Pd-catalyzed cross-coupling reactions.
Results and discussions

Stereoselective synthesis of (Z)-2-fluoroalkenyliodonium salts (1)
Initially, we employed 1-dodecynyl(phenyl)iodonium tetrafluoroborate (2a) as a simple starting material and attempted an HF addition using Et 3 N-nHF (Table 1) . Although Et 3 N-5HF was inert to 2a in dichloromethane at room temperature (Entry 1), a more nucleophilic fluorinating reagent, Et 3 N-3HF, reacted slowly with 2a to give (Z)-2-fluoro-1-dodecenyl(phenyl)iodonium tetrafluoroborate (1a) in 71% yield after 96 h (Entry 2). The 1 H NMR of the crude reaction mixture indicated the HF addition proceeded with excellent stereoselectivity (Z / E > 99 : 1). When 2a was treated with a more nucleophilic reagent, Et 3 N-2HF, further Michael addition of fluoride anion to 1a occurred to produce 1,2,2-trifluorododecane (4) in 26% yield, and the yield of 1a was reduced to 32% (Entry 3). When the fluorination of 2a was carried out with Et 3 N-3HF without dichloromethane, the reaction time was reduced into 78 h (Entry 4). The HF-addition reaction proceeded more effectively at 40 °C (Entry 5), but the formation of a small amount of tri-fluorinated compound 4 was observed at 60 °C (Entry 6). Next, we attempted the HF addition using hydrofluoric acid, which is commonly used in a laboratory as a simple and cost effective HF reagent.
Although commercially available 46% hydrofluoric acid required 84 h at 60 °C to consume 2a completely, the desired product 1a was obtained in high yield (Entry 7). We found the HF addition reaction was more effectively carried out with diluted hydrofluoric acid (Entries 8-10). 11 Finally, the best result was obtained by using 20% hydrofluoric acid, and 1a was synthesized in 84% yield with excellent stereoselectivity (Z / E > 99 : 1) (Entry 9). Under the same reaction conditions, 1-alkynyl(phenyl)iodonium salts 2, which have a n-alkyl or a sterically hindered alkyl group, were converted into the corresponding (Z)-2-fluoro-1-alkenyliodonium salts 1 in good yields (Table  2) . Unfortunately, 2-phenylethynyl(phenyl)iodonium tetrafluoroborate (2b) gave the desired product 1b in lower yield because the starting material 2b was somewhat labile under the reaction conditions, although 1b was isolated as a stable white solid. First of all, we tried the methoxycarbonylation of 1a in the presence of PdCl 2 with CO in methanol.
6b, 13, 14 The methoxycarbonylation completed in 2 h at room temperature to give the desired product, methyl (Z)-3-fluoro-2-tridecenoate (5a) in 73% yield; however, methyl benzoate (6, 8%) and (Z)-2-fluoro-1-iodo-1-dodecene (3a, 9%) were also formed by the methoxycarbonylation of the phenyl group instead of the fluoroalkenyl group on the starting material (Figure 1) . When a non-fluorinated starting material, (E)-1-dodecenyl(phenyl)iodonium tetrafluoroborate (7) , was subjected to the reaction conditions, the methoxycarbonylation proceeded much faster than the that of 1a to give methyl (E)-2-tridecenoate (8, 90%) without the formation of (E)-1-iodo-1-dodecene (9) and 6.
14 Interestingly, the methoxycarbonylation of (E)-2-fluoro-1-dodecenyl(phenyl)iodonium tetrafluoroborate (10) , which has an alkyl group on the cis position to the iodonio group, proceeded faster than that of 1a to give methyl (E)-3-fluoro-2-tridecenoate (11, 91%) with only a trace amount of (E)-2-fluoro-1-iodo-1-dodecene (12) and 6.
6b Generally, the Pd-catalyzed methoxycarbonylation of an (E)-alkenyliodide proceeds faster than that of the (Z)-isomer. 15 Hence, we found the cis-bonded vinylic fluorine atom to the iodonio group disturbed the "path a", which gave the (Z)-fluoroalkenylpalladium intermediate, and it caused to produce the phenylpalladium intermediate by "path b"; however, the effect of the fluorine atom is unclear now. Sonogashira reaction 4k,6f,17 and Stille reaction 6d,18 of 1a gave the desired (Z)-2-fluoro-1-alkene derivatives 13a-15a in moderate yields, but the formation of 3a was observed in all cases (Scheme 1). Unfortunately, we couldn't suppress the formation of 3a by modification of the reaction conditions, therefore, we decided to use (Z)-2-fluoro-1-iodo-1-alkenes 3 to the Pd-catalyzed cross-coupling reactions instead of (Z)-2-fluoro-1-alkenyliodonium salts 1. 
Synthesis of (Z)-2-fluoro-1-iodo-1-alkenes (3) from (Z)-2-fluoroalkenyliodonium salts (1)
The transformation of alkenyliodonium salts to iodoalkenes with CuI and KI was first reported by Ochiai et al. 7,14b They proposed the substitution reaction of iodine for iodonio group can be catalyzed by CuI; however, excess amount of CuI and KI were used in their procedure. We tried the synthesis of 3a from 1a with a catalytic amount of CuI and a stoichiometric amount of KI, and confirmed the reaction well proceeded with 5 mol% of CuI to give 3a in good yield (Table 3 , Entry 2), although no reaction happened without CuI (Entry 3). Under the reaction conditions listed in entry 2, a variety of (Z)-fluoroiodoalkenes 3 were synthesized from 1 in good yields with retention of the stereochemistry (Entries 4 -8). 
Pd-catalyzed cross-coupling reaction using (Z)-2-fluoro-1-iodo-1-alkene (3)
Then, we attempted the Pd-catalyzed cross-coupling reactions using (Z)-2-fluoro-1-iodo-1-dodecene (3a) and (Z)-α-fluoro-β-iodostyrene (3b). By Pd-catalyzed crosscoupling reactions, such as Methoxycarbonylation, Heck reaction, Stille reaction, Sonogashira reaction and SuzukiMiyaura reaction 19 using (Z)-2-fluoro-1-iodoalkenes 3, a variety of (Z)-2-fluoro-1-alkene derivatives (5 and 13-17) were synthesized stereoselectively in good yields (Table 4) . By using our methodology for the fluoroalkenes synthesis, we have succeeded in the stereoselective synthesis of the fluorinated analogues of insect sex pheromones and reported in a recent paper. 20 Table 4 .
Conclusions
(Z)-2-Fluoro-1-alkenyl(phenyl)iodonium salts 1 were stereoselectively synthesized in good yields by an HF addition to 1-alkynyl(phenyl)iodonium salts 2 with diluted hydrofluoric acid or Et 3 N-3HF. Pd-catalyzed crosscoupling reactions using 1 gave (Z)-2-fluoro-1-alkene derivatives in fair yields. The transformation of 1 to (Z)-2-fluoro-1-iodo-1-alkenes 3 was performed with a catalytic amount of CuI and a stoichiometric amount of KI. By Pdcatalyzed cross-coupling reactions of 3, various (Z)-2-fluoro-1-alkene derivatives were stereoselectively synthesized in good yields. We previously reported that (E)-2-fluoro-1-alkenyliodonium salts were stereoselectively synthesized by the reaction of terminal alkynes with piodotoluene difluoride and their application to the stereoselective synthesis of (E)-2-fluoro-1-alkenes. Hnece, we developed an efficient methodology for the highly stereoselective synthesis of (E)-and (Z)-2-fluoro-1-alkene derivatives from terminal alkynes via the fluoroalkenyliodonium salts.
Experimental Section
General Information
The chemical shifts, 10 were reported in the literatures. In a Teflon TM PFA vessel were placed 1-dodecynyl(phenyl)iodonium tetrafluoroborate (2a) (228 mg, 0.5 mmol) and Et 3 N-3HF (805 mg, 5 mmol) at room temperature, and the mixture was stirred at 40 ºC for 8 h. The reaction mixture was poured into water (100 mL) and extracted with CH 2 Cl 2 (10 mL) four times. The combined organic phase was dried over MgSO 4 and concentrated under reduced pressure. The resulting viscous oil was dissolved in CH 2 Cl 2 (1 mL) and a white suspension was formed by the addition of hexane (40 mL). The white suspension was left in a refrigerator for 2 h and clear upper liquid was removed by decantation. The remained white solid was washed with hexane (5 mL) again, separated by decantation, and dried in vacuo to give (Z)-2-fluoro-1-dodecenyl(phenyl)iodonium tetrafluoroborate (1a) 10 (72%, 171 mg, 0.36 mmol, Z / E > 99 : 1).
Synthesis of (Z)
-
Synthesis of 1a by the reaction of 2a with hydrofluoric acid.
In a Teflon TM PFA vessel were placed 2a (228 mg, 0.5 mmol), CHCl 3 (2 mL) and a 20% hydrofluoric acid (500 mg, 5 mmol) at room temperature, and the mixture was vigorously stirred at 60 ºC for 6 h. The reaction mixture was poured into a 0.5 M aq. NaBF 4 (20 mL) and extracted with CH 2 Cl 2 (10 mL) four times. The combined organic phase was dried over MgSO 4 and concentrated under reduced pressure. The resulting viscous oil was dissolved in CH 2 Cl 2 (1 mL) and a white suspension was formed by the addition of hexane (40 mL). The white suspension was left in a refrigerator for 2 h and clear upper liquid was removed by decantation. The remained precipitate was washed with hexane (40 mL) again, separated from hexane by decantation, and dried in vacuo to give pure 1a (84%, 200 mg, 0.42 mmol, Z / E > 99 : 1). 
2-(10,10-Dimethyl-9-oxoundecanyl)ethynyl(phenyl)iodonium tetrafluoroborate (2f).
Oil, δ H (CDCl 3 ) 1. 13 
Synthesis of (Z)-2-fluoro-1-iodo-1-dodecene (3a) from 1a.
To a DMF solution (4 mL) of 1a (238 mg, 0.5 mmol) were added CuI (4.8 mg, 0.025mmol) and KI (83 mg, 0.5 mmol), and the mixture was stirred at room temperature for 36 h. The reaction mixture was poured into 3 M aq. NH 4 Cl (15 mL) and extracted with ether (10 mL) three times. The combined organic phase was dried over MgSO 4 and concentrated under reduced pressure. In order to remove a generated iodobenzene, the reaction mixture was kept at 40 °C and 0.01 mmHg for 1 h. The product 3a 10 was isolated by column chromatography (silica gel; hexane) in 89% yield (139 mg, Z / E > 99 : 1). 
Synthesis of methyl (Z)-3-fluoro-2-tridecenoate (5a) from 1a.
In a glass round-bottom flask fitted with a balloon (3 L) were placed PdCl 2 (1.8 mg, 0.01 mmol), NaHCO 3 (42 mg, 0.5 mmol) and MeOH (4 mL). After the complete replacement of the atmosphere in the flask with CO, the balloon was filled with CO. Then a MeOH solution (1 mL) of 1a (238 mg, 0.5 mmol) was added and the mixture was stirred at room temperature for 2 h. The reaction mixture was poured into 3 M aq. NH 4 Cl (15 mL) and extracted with ether (10 mL) three times. The combined organic phase was dried over MgSO 4 and concentrated under reduced pressure. The product 5a 10 was isolated by column chromatography (silica gel; hexane-diethyl ether) in 73% yield (89 mg, Z / E > 99 : 1). Oil, δ H (CDCl 3 ) 0.88 (3H, t, J 7.1 Hz, 13-H), 1.21-1.37 (14H, m) 1.52-1.59 (2H, m, 5-H Under the same reaction conditions, methyl (E)-2-tridecenoate (8) (90%, E / Z > 99 : 1) and methyl (E)-3-fluoro-2-tridecenoate (11) (91%, Z / E = 2 : 98) were prepared from (E)-1-dodecenyl(phenyl)iodonium tetrafluoroborate (7) and (E)-2-fluoro-1-dodecenyl(phenyl)iodonium tetrafluoroborate (10), respectively.
Synthesis of 5a from 3a.
In a round-glass flask fitted with a balloon (3 L) were placed PdCl 2 (PPh 3 ) 2 (7.0 mg, 0.01 mmol), Et 3 N (50 mg, 0.5 mmol) and MeOH (5 mL). After the complete replacement of the atmosphere in the flask with CO, the balloon was filled with CO, and 3a (156 mg, 0.5 mmol) was added into the flask. After stirring at 60 °C for 48 h, the reaction mixture was poured into 3 M aq. NH 4 Cl (15 mL) and extracted with ether (10 mL) three times. The combined organic phase was dried over MgSO 4 and concentrated under reduced pressure. The product 5a was isolated by column chromatography (silica gel; hexane-ether) in 88% yield (107 mg, Z / E > 99 : 1).
The methoxycarbonylations of 9 and 12 were carried out under the same reaction conditions.
(E)-1-Dodecenyl(phenyl)iodonium tetrafluoroborate (7).
M.p. 36.0-36. 5 
Synthesis of (E)-2-fluoro-1-dodecenyl(phenyl)iodonium tetrafluoroborate (10).
To a CH 2 Cl 2 solution (6 mL) of 1-dodecyne (332 mg, 2 mmol) was added an Et 3 N-5HF solution (22 mL) of piodotoluene difluoride (768 mg, 3 mmol) at 0 °C and the mixture was stirred at 0 °C for 2 h. The reaction mixture was poured into water (30 mL) and extracted with CH 2 Cl 2 (20 mL) three times. The combined organic phase was dried over MgSO 4 and concentrated under reduced pressure. The resulting crude (E)-2-fluoro-1-dodecenyl(phenyl)iodonium fluoride was dissolved in acetonitrile (10 mL) with AgBF 4 (779 mg, 4 mmol) and the mixture was stirred at room temperature for 1 h. The reaction mixture was poured into water (30 mL) and extracted with CH 2 Cl 2 (20 mL) three times. The combined organic phase was dried over MgSO 4 and concentrated under reduced pressure. The resulting viscous oil was dissolved in CH 2 Cl 2 (1 mL) and a white suspension was formed by the addition of hexane (40 mL). The white suspension was left in a refrigerator for 2 h and clear upper liquid was removed by decantation. The remained white solid was washed with hexane (5 mL) again, separated by decantation, and dried in vacuo to give pure compound 10 (43%, 400 mg, 0. To a mixture of Pd(OAc) 2 (5.6 mg, 0.025 mmol) and KI (4.2 mg, 0.025 mmol) in DMF (1.5 mL) were added 1.2 M aq. NaHCO 3 (0.5 mL, 0.60 mmol) and methyl vinyl ketone (88 mg, 1.25 mmol) at room temperature. The reaction mixture was then cooled to -20 °C and a DMF solution (1 mL) of 1a (238 mg, 0.5 mmol) was added. After stirring for 12 h at -20 °C, the reaction mixture was poured into 3 M aq. NH 4 Cl (15 mL) and extracted with ether (10 mL) three times. The combined organic phase was dried over MgSO 4 and concentrated under reduced pressure. 
Synthesis of 13a from 3a.
To a DMF solution (2.5 mL) of Pd(PPh 3 ) 4 (57.8 mg, 0.05 mmol) were added Et 3 N (505 mg, 5 mmol), methyl vinyl ketone (88 mg, 1.25 mmol) and 3a (156 mg, 0.5 mmol) at room temperature and the mixture was stirred at 60 ºC for 4 h. The reaction mixture was poured into 3 M aq. NH 4 Cl (15 mL) and extracted with ether (10 mL) three times. The combined organic phase was dried over MgSO 4 and concentrated under reduced pressure. The product 13a was isolated by column chromatography (silica gel; hexanediethyl ether) in 77% yield (98 mg, Z / E = 98 : 2).
Synthesis of (Z)-8-fluoro-7-octadecen-5-yne (14a) from 1a.
A DMF solution (5 mL) of Pd(OAc) 2 (5.6 mg, 0.025 mmol) and PPh 3 (13.1 mg, 0.05 mmol) was stirred at room temperature for 10 min and then CuI (15.2 mg, 0.08 mmol), hex-1-yne (49 mg, 0.6 mmol), Et 3 N (76 mg, 0.75 mmol) and a DMF solution (1 mL) of 1a (238 mg, 0.5 mmol) were added. After stirring for 15 min at room temperature, the reaction mixture was poured into 3 M aq. NH 4 Cl (15 mL), and extracted with ether (10 mL) three times. The combined organic phase was dried over MgSO 4 and concentrated under reduced pressure. The product 14a 10 was isolated by column chromatography (silica gel; hexane) in 65% yield (86 mg, Z / E > 99 : 1).
Synthesis of 14a from 3a.
A mixture of Pd(OAc) 2 (5.6 mg, 0.025 mmol) and PPh 3 (13 mg, 0.05 mmol) in DMF (5 mL) was stirred at room temperature for 10 min and then CuI (15 mg, 0.08 mmol), hex-1-yne (62 mg, 0.75 mmol), Et 3 N (150 mg, 1.5 mmol) and 3a (156 mg, 0.5 mmol) were added. After stirring at 30 °C for 2 h, the reaction mixture was poured into 3 M aq. NH 4 Cl (15 mL) and extracted with ether (10 mL) three times. The combined organic phase was dried over MgSO 4 and concentrated under reduced pressure. The product 14a was isolated by column chromatography (silica gel; hexane) in 88% yield (117 mg, Z / E > 99 : 1). Pd (0) a Reagents and conditions; PdCl 2 2 mol%, CO 1 atm, NaHCO 3 1 eq., MeOH, r.t. Pd cat.
Pd cat.
Scheme 1. Pd-catalyzed cross-coupling reactions using 1a
